ABSTRACT: Ractopamine hydrochloride (RAC) and zilpaterol hydrochloride (ZH) are β-adrenergic agonists that improve growth performance and affect carcass characteristics. The objective of this study was to evaluate the comparative effects of RAC and ZH when fed to beef steers during the last 33 d of the finishing period. Three hundred crossbred beef steers (516 ± 8 kg) were grouped by BW, BCS, and breed type and randomly assigned to 1 of 3 treatments (10 steers per pen; 10 pens per treatment). Treatments were control (no β-agonists added), RAC (200 mg of ractopamine·hd· , for 30 d, removed 3 d for required withdrawal period). Steers were slaughtered, carcass characteristics were evaluated, and cut-out yields were determined. Both RAC and ZH increased final BW, ADG, feed efficiency (G:F), and HCW compared with controls (P < 0.05). Compared with RAC, ZH decreased ADG, ADFI, and final BW, but increased HCW and dressing percentage (P < 0.05). Carcass yield was not affected by RAC in this experiment, whereas ZH decreased adjusted fat thickness and KPH, increased ribeye area, improved yield grade, and increased cut-out yields, when compared with controls (P < 0.05). Marbling, lean maturity, and skeletal maturity were not different between treatments (P > 0.05). Steaks from RAC steers had greater (P < 0.05) Warner-Bratzler shear force (WBSF) values than steaks from control steers at 3 and 7 d of aging, but did not differ from controls after 14 d of aging. Steaks from ZH steers had greater WBSF values (P < 0.05) than steaks from controls and RAC steaks throughout the 21-d postmortem aging period. Although both β-adrenergic agonists were effective at improving feedlot performance, RAC showed no negative effect on WBSF after 14 d, whereas WBSF values for ZH steaks were significantly greater than controls after 21 d.
INTRODUCTION
The beef industry has continued to modify practices to improve efficiency, resulting in the development and implementation of dietary additives to improve feedlot performance (Avendaño-Reyes et al., 2006b ). The phenethanolamines, otherwise known as β-adrenergic agonists (β-AA), are compounds similar in structure to naturally occurring catecholamines dopamine, norepinephrine, and epinephrine (NRC, 1994; Bell et al., 1998) . These β-AA are organic molecules that bind to β-adrenergic receptors, located in the cellular membranes, which may increase protein synthesis or decrease protein degradation, or both, as well as decrease lipogenesis and increase lipolysis in livestock (Mersmann, 1998; Dunshea et al., 2005; Avendaño-Reyes et al., 2006a) . When administered orally, β-AA increase muscle mass and decrease adipose accumulation in livestock (Yang and McElligott, 1989; Watkins et al., 1990; Avendaño-Reyes et al., 2006b) .
Ractopamine hydrochloride (RAC) is a category 1 β-AA that improves growth performance and affects carcass characteristics in several livestock species (Pringle et al., 1993; Crome et al., 1996) , through increased protein synthesis (Moody et al., 2000) . Zilpaterol hydrochloride (ZH) is a category 2 β-AA, which functions through increased protein synthesis and decreasing protein degradation (Mersmann, 1998; Moody et al., 2000) . Though RAC and ZH have shown improvements in feedlot performance or carcass composition (Avenda-ño-Reyes et al., 2006b; Gruber et al., 2007) , the effects of both lead to concern of decreased tenderness (Avendaño-Reyes et al., 2006b; Gruber et al., 2007; Hilton et al., 2008; Leheska et al., 2008) . The US Food and Drug Administration approved RAC for use in cattle in 2003 and ZH in 2006 . Therefore, although individual analyses of RAC and ZH have been conducted, limited data have evaluated the comparative effects of these additives particularly in relation to tenderness. Due to the different categories of β-AA it is hypothesized that the effects of RAC and ZH on feedlot performance and tenderness would differ; however, few data are available (Avendaño-Reyes et al., 2006a,b) .
The objective of this study was to evaluate effects of RAC and ZH when fed to beef steers during the last 33 d of the finishing period.
MATERIALS AND METHODS
All research protocols followed guidelines stated in the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching (FASS, 1999) .
Animals and Management
Three hundred steer calves (~6 to 9 mo of age) were selected from 3 different sources and transported to Rancho El 17, Hermosillo, Sonora, Mexico (mean BW = 210.5 kg) in May 2006. Steers were vaccinated (for Clostridial species, bovine rhinotracheitis, bovine viral diarrhea, bovine respiratory syncytial virus; Elite, Boehringer Ingelheim Vetmedica Inc., St. Joseph, MO); treated for internal and external parasites; administered supplemental vitamins A, D, and E; and started on a step-up feeding program (Table 1) . During the finishing period cattle were allowed to consume, on a free-access basis, diets given 3 times daily (Table 2) .
Approximately 2 mo after arrival at the feedlot (July 2006), an initial implant containing 20 mg of estradiol benzoate and 200 mg of progesterone (Component E-S with Tylan, VetLife, West Des Moines, IA) was administered followed by a re-implant (120 mg of trenbolone acetate and 24 mg of estradiol; Component T-ES with Tylan, VetLife) about 2 mo later (September 2006). At re-implant, cattle were weighed (mean BW = 394.1 kg) and visually appraised for breed make-up (Continental, Continental-crossbred with less than 1/4 Brahman influence, or Continental-crossbred with greater than 1/4 but less than 1/2 Brahman influence), and BCS (USDA, 2000; scale of 1 to 5, 5 = fleshy, 3 = average, 1 = thin). Steers most similar in BW, breed type, source, and BCS were sorted into groups of 3 animals. Individual steers from each trio were then randomly allocated to 1 of 3 pens (1 steer per group per pen). This process was repeated until a set of 3 pens (block) had been filled with 10 steers per pen. Treatments were randomly assigned to each of the 3 pens. The entire process was repeated to obtain 10 pens per treatment.
Experimental Design and Treatments
The experimental design used in this study resulted in 10 BW blocks and 10 pen replicates per treatment, with pen being the experimental unit. All steers were individually weighed and steers in the 2 heaviest blocks were started on treatment diets when cattle in these pens were projected to be 33 d from slaughter (71 d after re-implanting). An additional 2 blocks were started on study weekly thereafter. On each start date, cattle were individually weighed. Ractopamine hydrochloride (Optaflexx, Elanco Animal Health, Greenfield, IN) was fed to cattle for the entire 33 d of the treatment period, and ZH (Zilmax, Intervet, México City, Mexico) was fed to steers for a total of 30 d to observe a 3-d withdrawal period as indicated on the US label. Ractopamine hydrochloride and ZH were added to the type-B protein and mineral supplements that were mixed into the final diet to provide 300 mg of monensin (Rumensin, Elanco Animal Health) sodium, 90 mg of tylosin (Tylan, Elanco Animal Health) phosphate and 1) no β-agonist (control); 2) 200 mg of RAC; or 3) 75 mg of ZH, on a daily basis. Dosage of RAC and ZH were determined by manufacturer's recommendations for supplementation. Final diets of β-agonist treatment groups contained 21.1 g/t of RAC or 7.9 g/t of ZH, on a DM basis.
Slaughter and Carcass Data Collection
Steers were slaughtered on 5 consecutive weekly dates, 2 blocks per week. Steers were individually weighed at feedlot (final BW), then transported about 32 km, where they were slaughtered using conventional, humane procedures. Hot carcass weights were collected; carcasses were chilled in a cooler with an air temperature of 2°C for 48 h. After the carcass-chilling period, an experienced evaluator assigned USDA scores for marbling, skeletal maturity, lean maturity, adjusted fat thickness, preliminary yield grade, adjusted preliminary yield grade, and percentage of KPH to each carcass. Longissimus muscle area (REA) measurements for each carcass were obtained using acetate paper tracings measured with a Super Planix Tamaya Digitizing Area and Line meter (model 002697, Tamaya Tecnics Inc., Shinagawa-ku, Japan). Carcasses were transported to the fabrication plant, where they were weighed to obtain a cold carcass weight, and stored in a cooler with an air temperature of 1°C for about 18 h. On d 3 postmortem, carcasses were fabricated by pen using specifications similar to Institutional Meat Purchase Specifications, vacuum packaged, hot water shrunk, boxed, weighed, and recorded. Cut-out yields were calculated by comparing box weights of subprimal cuts, and other carcass items, to the aggregate cold carcass weight of the pen.
Carcass Sampling Methods
After carcass data collection, 7 to 8 carcasses per pen (n = 225; 75 per treatment) were selected for shear force determination (cattle with >1/4 estimated Brahman influence were excluded). On d 3 postmortem, striploins (IMPS 180; USDA, 2000) were removed from the right side of each selected carcass. Each striploin was "faced" on the anterior end and then fabricated into 2.54-cm steaks. One steak from each striploin was analyzed for pH using a pH STAR probe (SFK Technologies, Peosta, IA) at the time of packaging. The 4 most anterior steaks were randomly assigned to each of 4 postmortem aging periods (3, 7, 14, and 21 d) for Warner-Bratzler shear force analysis (WBSF). Steaks were vacuum packaged and stored at 2°C. After completion of the appropriate aging time, steaks were frozen and stored at −20°C for subsequent WBSF measurements.
WBSF Measurements
Frozen steaks were tempered for ~48 h at 2°C, weighed (fresh weight), and cooked on an electric clam shell grill (model GGR62, Salton Inc., Macon, MO) set to about 163°C, with surface temperature confirmed and monitored using an infrared thermometer (model OS530LE, One Omega, Stanford, CT). Internal temperatures were monitored using Type-T thermocouples with a Digi Sense Scanning Thermometer (model 92000-00, Barnent Company, Barrington, IL) placed in the geometric center of the steak. Steaks were removed from the grill between 65 to 66°C, and peak internal temperatures were recorded. After cooking, steaks were allowed to equilibrate to room temperature (22°C), cooked weighs were recorded, and 6 cores (1.3 cm in diameter) were removed from each steak parallel to the muscle fiber orientation. Each core was sheared once perpendicular to the muscle fiber orientation using a Warner-Bratzler shear machine (G-R Manufacturing, Manhattan, KS). Peak shear force measurements of cores were recorded and averaged to obtain a single WBSF value for each steak. Cook yield was determined using the following equation: (cooked weight/fresh weight) × 100.
Statistical Analysis
Analyses of growth traits and carcass characteristics were conducted using the least squares, mixed models procedure (SAS Inst. Inc., Cary, NC), with the model including treatment as an independent fixed effect, block as a random effect, and average initial BW as a covariate. Frequency distributions of USDA quality grades, USDA yield grades were compared using the GLIMMIX macro of SAS, utilizing the logit link function). The statistical model used to analyze the grade distributions included treatment as the independent fixed effect and block as a random effect.
Data for WBSF were analyzed using a REML-based, mixed-effects model, repeated measures analysis (PROC MIXED, SAS Inst. Inc.). The ANOVA model for WBSF included treatment, postmortem age, and treatment × age as fixed effects; and block, block × treatment, and block × treatment × postmortem age were included as random effects. A spatial power covariance structure was used, and the Kenward-Rogers approximation was used to calculate denominator degrees of freedom for the shear force analysis. For all shear force analyses, individual strip loin served as the experimental unit, postmortem age was treated as a repeated measurement, and means were separated using the PDIFF option at a significance level of P < 0.05.
The least squares, nonlinear models procedure of SAS was used to fit an exponential decay model to least squares means for WBSF values corresponding to treatment × age for strip loins from cattle in the control and RAC treatments. The exponential decay model is presented below:
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The independent variable "age" is days of postmortem storage, and the constant "e" represents base of the natural logarithm (2.718282). General linear regression was used to fit a model for WBSF corresponding to treatment × age for strip loins from cattle in the ZH treatment. Within a row, means without a common superscript letter differ (P ≤ 0.05).
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Abbreviations used: CCW = cold carcass weight at fabrication plant; PYG = preliminary yield grade; APYG = adjusted preliminary yield grade; AFAT = adjusted fat thickness; REA = LM area; KPH score = estimated KPH percentage; YG = calculated USDA yield grade; KPH fat = weight of KPH at fabrication; Kidney = weight of kidney at fabrication; MS = marbling score; LMAT = lean maturity; SMAT = skeletal maturity; OMAT = overall maturity. 
RESULTS AND DISCUSSION
Least squares means for growth and performance traits are presented in Table 3 . Both RAC and ZH improved (P < 0.05) animal performance during the last 33 d on feed. Final BW and ADG were increased (P < 0.05) in ZH steers compared with control steers and for RAC steers compared with control and ZH steers. Daily feed intake was less (P < 0.05) for ZH steers than for control steers or RAC steers. Feeding steers either of the 2 treatments improved (P < 0.05) feed efficiency compared with controls; however, feed efficiency was similar in steers fed RAC or ZH (Table 3 ). This performance response was similar to responses observed in previous studies (Avendaño-Reyes et al., 2006b; Abney et al., 2007; Gruber et al., 2008) in which the addition of RAC or ZH improved feedlot performance.
Dressing percentage was improved in the ZH steers compared with RAC and control steers, contributing to an average increase (P < 0.05) in HCW of 12.8 kg for ZH steers compared with control steers (Table 4) . Steers supplemented with RAC had a mean increase HCW of 5.3 kg compared with control steers. Previous studies have shown a similar response in carcass characteristics of steers supplemented with ZH and RAC with significantly increased HCW and dressing percentages (Avendaño-Reyes et al., 2006b; Gruber et al., 2007; Hilton et al., 2008) . The discrepancy in BW vs. carcass weight increase in the ZH-fed steers was also observed in the Zilmax FDA registration trials (FDA, 2006) . One possible explanation for this phenomenon is a large repartitioning effect of ZH that affects fat metabolism (potentially lipolysis and lipogenesis) in noncarcass components such as the hide or viscera. Al- Within a row, means without a common superscript letter differ (P ≤ 0.05).
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All subprimal cuts were fabricated to a maximum of 1/4 inch trim. though omental fat was not measured in this study, total weight of KPH was reduced (P < 0.05) in carcasses of ZH steers compared with RAC steers or control steers. In addition, the average hide weight was less (P = 0.13) for ZH steers than for RAC steers or control steers, possibly due to a reduction in fat within the hide. Indicators of carcass fat (12th-rib fat thickness and estimated percentage KPH) were less (P < 0.05) for ZH carcasses (Table 4) . Conversely, the mean REA of ZH carcasses was larger (P < 0.05) compared with control or RAC carcasses. Marbling scores were not different (P = 0.24) among treatments, and no differences in skeletal maturity, lean maturity, or pH values were observed among treatments in this study.
Yield grade was decreased (P < 0.05) in the ZH carcasses compared with RAC and control carcasses (Table  4) , suggesting an increase in the percentage of boneless, closely trimmed retail cuts. Table 5 represents the mean yield of closely trimmed retail cuts, lean trim, fat, and bone for carcasses in each treatment. Increased lean deposition and decreased fat contributed to an increase (P < 0.05) in cutout yield of boneless closely trimmed retail cuts from ZH carcasses, similar to previous work (Hilton et al., 2008) . Feeding RAC did not increase the yield of boneless, closely trimmed retail cuts, which is contrary to data from other studies comparing cutout yields from RAC steers and controls (Schroeder et al., 2005a,b; Avendaño-Reyes et al., 2006b; . It is possible this is due to difference in cut-out procedures, though further investigation would be required. Table 6 represents the least squares means for WBSF for each treatment at 4 different aging periods. These means were used to fit a nonlinear aging curve (control and RAC) or a linear aging curve (ZH) for strips loins aged from 3 to 21 d postmortem. Feeding RAC increased (P < 0.05) WBSF values of strip loin steaks at 3-and 7-d postmortem compared with controls; however, by 14 d postmortem no differences (P > 0.05) in WBSF were observed between these treatments (Figure 1 ). Feeding ZH significantly increased (P < 0.05) WBSF values of steaks at all aging periods compared with RAC and control steaks, similar to previous work evaluating ZH (Hilton et al., 2008; Leheska et al., 2008) . Furthermore, WBSF values of ZH steaks followed a linear pattern of decline over time, whereas control and RAC steaks followed a more conventional postmortem aging curve (Figure 1) . Although the majority of beef subprimal cuts have an average postmortem fabrication time of greater than 14 d at their point of sale, a significant number of steaks and roasts are offered for purchase at aging periods of 14 d or less (Brooks et al., 2000) . The average postmortem fabrication time for most beef cuts at the retail level range between 14 and 21 d (Brooks et al., 2000) . Consequently, aging curves help describe the overall magnitude of treatment effects on tenderness and the extent to which postmortem aging period can mitigate treatment impacts (positive or negative) on tenderness. Even after an extended postmortem aging period of 21 d was observed, ZH steaks had WBSF values more than 1 kg greater (P < 0.05) than RAC or control steaks. Many research studies have demonstrated that favorable impression of consumers of beef tenderness can be negatively affected by changes in shear force of 0.5 kg (Roeber et al., 2000; Platter et al., 2003) .
It is clear that ZH affects protein and fat metabolism differently than RAC through feedlot and carcass measurements and therefore may warrant further investigation. The data show that the use of RAC and ZH have extensive benefits to the cattle and beef industries. Both RAC and ZH improved performance of steers in the last 33 d of feeding, increasing BW, feed efficiency, and carcass weight compared with controls. Further- Means without a common superscript letter differ (P < 0.05).
Treatment by day postmortem, P < 0.01. more, ZH compared with RAC significantly increased REA and decreased adjusted fat thickness and KPH, resulting in greater yielding carcasses. However, RAC and ZH also have potential drawbacks that must be addressed before being used in feedlot production. Both RAC and ZH decreased tenderness at early postmortem aging periods; however, ZH steaks maintained greater WBSF values even after an extended postmortem aging period. Therefore, addressing these attributes of RAC and ZH is important to optimize feedlot practices and carcass characteristics.
